Cancer is caused by a series of alterations in genome and epigenome and exists in multiple complex forms, making it difficult to be prevented and/or treated. Telomerase, an enzyme responsible for the maintenance of telomere, is silent in most normal somatic cells but activated in 90% of cancer cells, making it an excellent target for cancer therapy. Therefore, various telomerase activity inhibitors have been developed to treat cancer but all failed due to side effects. Here we acted oppositely to develop a cancer gene therapy named telomerase-activating gene expression (Tage) system by utilizing the telomerase activity in cancer cells. The Tage system consisted of an effector gene expression vector that carried a 3ʹ telomeraserecognizable stick end and an artificial transcription factor expression vector that could express dCas9-VP64 and an sgRNA targeting telomere repeat sequences. By using Cas9 as an effector gene, the Tage system effectively killed various cancer cells, including HepG2, HeLa, PANC-1, MDA-MB-453, A549, HT-29, SKOV-3, Hepa1-6, and RAW264.7, without affecting normal cells MRC-5, HL7702, and bone marrow mesenchymal stem cell (BMSC). More importantly, a four-base 3ʹ stick end produced by the homothallic switching endonuclease in cells could be recognized by telomerase, allowing the Tage system to effectively kill cancer cells in vivo. The Tage system could effectively and safely realize its in vivo application by using adeno-associated virus (AAV) as gene vector. The virus-loaded Tage system could significantly and specifically kill cancer cells in mice by intravenous drug administration without side effects or toxicity.
Introduction
The human telomeres consist of many repetitive nucleotide sequence (5′-TTAGGG-3′), protecting, positioning and replicating chromosomes [1, 2] . The human telomere has a length of many kilo-base pairs [3] . Eukaryotic telomeres terminate with a 3′ single-stranded overhang that is bound by multiple protein complex, known as shelterin [4] , which is essential for telomere maintenance and capping [5] , and protects the linear chromosome ends from being recognized as double-strand breaks [6] . The inability of eukaryotic DNA replication machinery to replicate the extreme end of chromosomes allows cells to gradually shorten telomeres [7] . Along with ongoing cell division, almost all normal human cells undergo progressive telomere shortening. Once telomeres reach a critically shortened length, it will induce a DNA damage signal that is often referred to as replicative senescence or cell aging [8] . This mechanism appears to prevent genomic instability and cancer development in human aged cells by limiting the number of cell division. Too short telomeres have the potential to unfold from their presumed closed structure, lead to genomic instability, chromosome loss, and might increase cancer susceptibility [9] .
In order to repair the damaged telomere in some special cells, a specialized protein named as telomerase has been developed. Telomerase is a natural RNA-containing enzyme that can synthesize the repetitive telomere sequences [10] , which helps to maintain the integrity of genome in some cells such as embryonic stem cells [11] . Telomerase is responsible for elongating telomeres through the addition of telomere repeats to the ends of chromosomes [10] . Only about 5%−10% of human cancers employ alternative lengthening of telomeres (ALT) pathway [12] . Rarely, cells emerge from crisis immortalized through telomere lengthening by either activated telomerase or ALT [13, 14] . During human development, telomerase activity is terminated by silencing of telomerase reverse transcriptase [15] . Except in a small number of normal cell types such as dividing male germ-line spermatocytes, some types of stem cells and certain white blood cells, telomerase activity is silenced in most normal tissue cells. However, telomerase activity is reactivated in most human cancer cells [16, 17] , which provides a potential target to cancer therapy [18, 19] . Many telomerase inhibitors have been therefore developed to treat cancers; however, none of them becomes drugs due to side effects [19] [20] [21] .
With the finding of Clustered regularly interspaced short palindromic repeats (CRISPR), CRISPR therapeutics provided a potential cure for cancers and other genetic diseases [22] . CRISPR is an RNA-guided immune defense system of bacteria and archaea to protect themselves from exogenous viruses or plasmids [23] . On the presence of a protospaceradjacent motif (PAM) on the opposite strand, single guide RNA (sgRNA) can guide CRISPR-associated protein 9 (Cas9) to a target site for cleavage [24] , resulting in DNA double-strand breaks [25, 26] . Due to advantages such as versatility, simplicity, specificity, and efficiency, the CRISPR/Cas9 system has been widely applied for genome editing and holds tremendous promise for biomedical research [27] [28] [29] .
In this study, by combining the biological functions of telomerase and CRISPR/Cas9, we developed a new cancer gene therapy named telomerase-activating gene expression (Tage). By utilizing telomerase activity, an effector gene could be specifically expressed in cancer cells by Tage. By using Cas9 as an effector gene, cancer cells could be induced to death by Tage. By using adenoassociated virus (AAV) as vector, in vivo tumors could be treated by Tage.
Results

Principle of cancer therapy with Tage
Tage is a new telomerase-and CRISPR/Cas9-based cancer therapy (Fig. 1) . In this therapy, an effector gene expression vector (hereinafter referred as to effector) carrying a telomerase-recognizable 3ʹ single-stranded sequence (3ʹ-TT GGGATT GGGATT-5ʹ) is transfected into cancer cells so that it can be elongated by telomerase, which will produce a synthesized double-stranded telomere repeat sequence at the end of effector. Simultaneously, a vector expressing nuclease-dead Cas9 (dCas9)-VP64 and a telomeric DNAtargeting sgRNA (TsgRNA) is co-transfected into cancer cells, which will produce dCas9-VP64-TsgRNA complex, an artificial transcription factor (TF), that can bind with the newly synthesized telomeric DNA at the end of effector. This binding can thus activate the expression of effector gene, Cas9, on effector. The expressed Cas9 protein can associate with TsgRNA to form Cas9-TsgRNA complex. This complex can then damage chromosomes of cancer cells by cutting their telomeres, which will induce the death of cancer cells. However, in normal tissue cells lack of Fig. 1 Schematic show of principle of killing cancer cells by Tage system. In this Tage system, an effector carrying a telomeraserecognizable 3ʹ single-stranded sequence is transfected into cancer cells so that it can be elongated by telomerase, and produce a synthesized double-stranded telomeric repeat sequence. Simultaneously, artificial transcription factor expression vectors dCas9-VP64 and an sgRNA targeting telomeric DNA (TsgRNA) are cotransfected into cancer cells, which can produce the dCas9-VP64-TsgRNA complex that can recognize and bind with the telomerase-synthesized doublestranded telomeric repeat sequences. The expression of effector gene Cas9 thus can be activated. The expressed Cas9 protein can associate with TsgRNA to produce Cas9-TsgRNA complex, which can cut telomeres to produce DNA damage and thus induce the death of cancer cells. U6P U6 promoter, TsgRNA telomeric DNA-targeting sgRNA, CMV human CMV promoter, TRSE telomerase-recognizable stick end, MP minimal promoter, tDNA telomeric DNA, TF transcription factor telomerase activity, Tage cannot be activated and thus exerts no effect on normal cells.
Verification of Tage using ZsGreen as effector gene
To verify the effect of Tage system, we first transfected cells with a Tage system that used ZsGreen as effector gene (sTMEP) (Fig. 2a) . The results indicated that the ZsGreen was successfully expressed in telomerase-positive cells 293T and HepG2 (Fig. 2b) , but not in telomerase-negative cells MRC-5 and HL7702 (Fig. 2b) . Moreover, in all cells transfected with various DNAs as controls, the ZsGreen protein was not expressed (Fig. S1) . Especially, even though the 293T and HepG2 cells were transfected with a blunt-ended effector (bTMEP) together with TsgRNA and dCas9-VP64 expression vectors, the ZsGreen protein still could not be expressed (Fig. S1 ). These results revealed that the Tage system could only be activated by telomerase in cancer cells. Without the single-stranded telomeraserecognizable telomere sequence at the end of effector (bTMEP), the telomeric DNA could not be synthesized. These results also suggested that the newly synthesized telomeric DNA at the end of effector was double-stranded as previously testified [30] ; otherwise, the effector gene also could not be expressed in cancer cells because dCas9-VP64-TsgRNA complex only binds with double-stranded DNA.
DNA synthesis at the end of effector
In order to verify that telomeric DNA was synthesized at the end of effector, we extracted the genomic DNA (gDNA) from cells transfected by the Tage system and detected by polymerase chain reaction (PCR) using the TS and CX primers of telomere repeat amplification protocol (TRAP) [31] . The results revealed that the gDNA of 293T and HepG2 transfected with DNAs containing sTMEP could be amplified, and the products appeared as smear in agarose gel electrophoresis (Fig. 2c, lanes 1 and 2) . However, the gDNA of MRC-5 and HL7702 transfected with the same vectors could not be amplified (Fig. 2c, lanes 1 and 2) . Additionally, the gDNAs of cells transfected by a bluntended effector (bTMEP) also could not be amplified (Fig.  2c, lane 3) . These results indicated that the single-stranded telomeric sequence at the end of effector can only be elongated by telomerase in cancer cells.
Verification of Tage using Cas9 as effector gene
We then used Cas9 as effector gene of Tage system to kill cancer cells by cutting their telomeres (Fig. 3a) . It was conceived that the TsgRNA can guide Cas9 protein to the telomeres of chromosomes, where Cas9 can cut telomeric DNA and induce cell death. Cells were transfected with an effector expressing Cas9 (sTMCP) together with vectors expressing TsgRNA and dCas9-VP64. The results revealed that the Tage system induced the significant death of all cancer cells (Fig. 3b, c) . However, the Tage system exerted no effects on normal cells MRC-5 and HL7702 (Fig. 3b, c) . Importantly, even though cancer cells were transfected with an effector with 3ʹ blunt-end (bTMCP), their viability was not affected (Fig. S2) . In addition, all control transfections also did not induce the death of both cancer and normal cells (Fig. S2) .
To further confirm the effect of Tage system to kill cancer cells, we performed more transfections and continuously detected the cell proliferation and viability at 24 h, 48 h and 72 h post transfection. The results indicated that the proliferation and viability of all cancer cells gradually decreased with the increase of cultivation times ( Fig. 4 and 
Realization of Tage system with HO
Although the linear effector with a telomerase-recognizable stick end can be easily transfected into cells in vitro using lipofectin, it cannot be transfected into cells in vivo using virus vectors. We therefore focused on addressing this issue. It was reported that a four-base overhang, 3ʹ-TTGT-5ʹ, produced by the homothallic switching endonuclease (HO) cutting its target DNA sequence could also be recognized and elongated in Saccharomyces cerevisiae cells by telomerase [30] . To evaluate whether this four-base overhang on 3ʹ end can also be utilized in human cells by the Tage system, we constructed an effector with a stick end of 3ʹ-TTGT-5ʹ that could express reporter gene ZsGreen (HOsite-sTMEP). Cells were then cotransfected by HOsite-sTMEP and vectors expressing TsgRNA and dCas9-VP64. The results indicated that ZsGreen was successfully expressed in 293T and HepG2 cells (Fig. S16 ), but not expressed in MRC-5 and HL7702 cells (Fig. S16) . Similarly, all control transfections did not activate the ZsGreen expression (Fig. S17 ). These results indicated that the four-base overhang on 3ʹ end produced by HO could also be utilized by the Tage system. We thus constructed a vector expressing HO enzyme under the control of CMV promoter (C1-HO). It was expected that the expressed HO enzyme could cut a bluntended effector containing HO site (HOsite-bTMEP) to produce a stick end of 3ʹ-TTGT-5ʹ, so that it could be elongated by telomerase in cancer cells (Fig. 6a) . Cells were then cotransfected by HOsite-bTMEP and vectors expressing TsgRNA, dCas9-VP64, and HO (Fig. 6b) . The results indicated that ZsGreen was successfully expressed in 293T and HepG2 cells, but not expressed in MRC-5 and HL7702 cells (Fig. 6b) . All control transfections did not activate the ZsGreen expression in all transfected cells (Fig. S17 ). These (Fig. S18, lanes 1-3) . However, the gDNA of MRC-5 and HL7702 cells transfected with the same vectors could not be amplified (Fig. S18, lanes  1-3) . Additionally, the gDNAs of cells transfected with effector containing a blunt HO site (HOsite-bTMEP) could not be amplified as well (Fig. S18, lane 4) . These results revealed that the HO enzyme expressed by the C1-HO vector in cells successfully cut the HO site, producing a four-base telomerase-recognizable stick end that could be elongated by telomerase in cancer cells. These data also suggested that the HO-based Tage system could be used in vivo.
Simplification of Tage system
To simplify the Tage system of above four vectors, we next constructed a plasmid TsgRNA-dCas9-VP64 that coexpressed TsgRNA and dCas9-VP64. The plasmid was testified by cotransfecting cells with sTMCP. The results indicated that this two-vector Tage system induced significant death of cancer cell HepG2 (Fig. S19) , but not induced death of normal cells MRC-5 and HL7702 (Fig.  S19) . In addition, all control transfections also induced no cell death in all transfected cells. With plasmid TsgRNA-dCas9-VP64, we next transfected cells with a Tage system consisting of three plasmid vectors including C1-HO, T-HOsite-TMCP, and TsgRNA-dCas9-VP64, expecting to induce cancer cell death with this Tage system (Fig. 7a) . The results revealed that the cancer cell HepG2 was significantly killed by the Tage system (Fig. 7b) ; however, the growth of normal cells MRC-5 and HL7702 was not affected (Fig. 7b) . As controls, the growth of cancer cell HepG2 was not affected by all other transfections (Fig. 7b) . By verifying these three vectors, it was possible to apply the Tage system in vivo by using the virus vector.
Cancer therapy with Tage system
Finally, we explored the in vivo application of the Tage system. We firstly packaged C1-HO, T-HOsite-TMCP, and TsgRNA-dCas9-VP64 into the AAV. Then we testified the packaged rAAVs by co-transfecting cells with rAAV-TSD (an equivalent mixture of three viruses including rAAV-HO, rAAV-TsgRNA-dCas9-VP64, and rAAV-HOsite-TMCP). The results revealed that rAAV-TSD induced significant death of cancer cells HepG2 and Hepa1-6, but exerted no effects on normal cells MRC-5 and HL7702 (Fig. S20) . All other control transfections did not affect the growth of all transfected cells (Fig. S20) .
With the testified rAAV-TSD, we performed animal experiments. In the first animal experiment, mice were transplanted with cancer cell Hepa1-6 mixed with rAAVs. After 2 weeks, the tumors with hyperemia grew on both sides of mice transplanted with the Hepa1-6 cells mixed with rAAV-MCS (Fig. 8a and Fig. S21a) , and the mean tumor size of left and right was 83 mm 3 and 85 mm 3 , respectively (Fig. 8b) . However, the tumors on mice treated with rAAV-TSD were significantly inhibited ( Fig. 8a and Fig. S21b) , and the mean tumor size of left and right was only about 14 mm 3 and 13 mm 3 , respectively (Fig. 8b) . Most tumors were eradicated in the mice treated by rAAV-TSD.
In the second animal experiment, the tumor-bearing mice were treated by intravenously injected rAAVs. As a result, the mice treated by rAAV-MCS grew large tumors on both sides (Fig. 8c and Fig. S22a) , and the mean tumor size of left and right was 237 mm 3 and 293 mm 3 , respectively (Fig. 8d) . However, the mice treated by rAAV-TSD grew much smaller tumors on both sides (Fig. 8c and Fig. S22b) , and the mean tumor size of left and right was only about 12 mm 3 and 20 mm 3 , respectively (Fig. 8d) . In mice treated by rAAV-TSD, most tumors were eradicated. Importantly, no mice died in the two animal experiments after rAAVs were administered, indicating the safety of rAAVs.
Finally, to further explore the cancer cell-specific expression of effector gene of the Tage system, we detected virus DNA and Cas9 mRNA in various tissues of the mice in the second animal experiment. The results indicated that the virus presented in all detected tissues with variant abundance (Fig. 8e) ; however, the Cas9 mRNA only expressed in tumors of mice intravenously injected with rAAV-TSD (Fig. 8f) . These results indicated that the Tage system could only be activated in cancer cells, which led to cancer cell-specific expression of effector gene.
Discussion
With in vitro cell tests and in vivo animal tests, we developed a novel gene therapy of cancers based on a wellknown cancer target, telomerase. Contrary to the current strategy of inhibiting the telomerase activity, we utilized telomerase activity in cancer cells. In the past decades, several of the therapies introduced to treat cancer did not significantly improve mortality and the quality of life due to side effects and toxicities [32] . With the advent of the new gene editing tool CRISPR/Cas9, it provides new therapeutic application potential. Compared to the conventional ZFN and TALEN [33] , CRISPR/Cas9 provides a more simple gene editing and regulation tool. With its merits, CRISPR/ Cas9 has been used to recapitulate cancer-associated genomic alterations both in vitro and in vivo [34, 35] . The Tage technique fully developed the functions of CRISPR/Cas9, including the intracellular double-stranded cleavage of target DNA [36] [37] [38] , and gene expression regulation [39, 40] .
In recent years, chimeric antigen receptor T-cell (CAR-T) immunotherapy has been developed. Despite CRISPR/ Cas9 was reported to be used ex vivo to treat cancers by creating CAR-T cells, to our knowledge, it is still not directly used in vivo to treat cancers. We firstly applied CRISPR-based Tage system to in vivo cancer therapy. Moreover, we fully exploited the two functions of CRISPR/ Cas9 in Tage system. The telomere-targeting sgRNA-guided dCas9-VP64 was used as an artificial TF to activate effector gene expression, meanwhile Cas9 was used as effector gene to cut telomere DNA. Therefore, the Tage system provides the first in vivo application of CRISPR technique in cancer gene therapy without visible side effects or toxicity in mice. This promotes the oncotological application of gene therapy when it comes of age [41] .
The HO-based Tage system can be used to treat cancers in vivo by using AAV as gene vector. Several gene therapies had already been permitted in clinics, such as hemophilia [42] and spinal muscular atrophy [43] . These gene therapies all use AAV as gene vector due to its safety [44] . We treated the tumor-bearing mice with a single-dose intravenous administration of rAAV. Despite some unique advantages, such as no host cell genomic integration, stable transgene expression, long-term expression, low immunogenicity, AAV vector has a major shortcoming of limited packaging capacity (~5 kb). Therefore, we had to package the Tage system into three rAAVs, which may limit the applicable virus dosage and cancer cell killing effect. However, nanoparticle carriers can be used to slim the Tage system.
The Tage system had high cancer cell specificity. In the in vitro experiments, only cancer cells transfected by the Tage system showed effector gene expression. In the in vivo experiments, only cancer tissue infected by AAV showed effector gene expression. It is interesting to find that telomerase-positive 293T cells appeared to undergo no obvious cell death when treated with the Tage system. HEK 293 cell was derived from normal human embryonic kidney tissue cultured in vitro, which underwent a series of adenovirus transfection to obtain the continuously cultured 293 cell lines. In this process, telomerase was activated. However, 293T was not regarded as cancer cells. The results of 293T cell transfection revealed that the Tage system were compared with the value of heart of rAAV-MCS-treated mice. f Expression of Cas9 mRNA in heart, liver, spleen, lung, kidney, and tumor tissues of tumor-bearing mice intravenously injected with rAAV-TSD or rAAV-MCS. Data were shown as the mean ± SD, n = 3. All other values were compared with the value of heart of rAAV-MCS-treated mice. rAAV-TSD referred to a cocktail of three viruses including rAAV-HOsite-TMCP, rAAV-TsgRNA-dCas9-VP64, and rAAV-HO at the same virus genome (vg). rAAV-MCS was blank virus and used as a negative control. L left side, R right side. *p ≤ 0.05, **p ≤ 0.01 possessed high specificity to cancer cells. Further, there were some noncancer cells naturally with telomerase activity, such as stem cells and splitting epithelial cells. This study revealed that the BMSC did not show death when treated with the Tage system. This phenomenon also indicated that the Tage system had no significant effect on these noncancer cells.
Clearly, the Tage system is a versatile technical platform that is adaptable. In our view, the Tage vector is a powerful missile, whereas the effector gene is its loaded warhead. The warhead is changeable, including "nuclear warhead" like Cas9 used in this study and other "conventional warhead" like variant functional proteins or microRNAs that can lead to cancer cell apoptosis, suicide, reprogramming, and differentiation. For example, using the Tage system to express some membrane or secretary proteins intrigues immunotherapy to cancers [45] . Besides effector gene, the artificial TF in the Tage system can also be changed into other proteins with similar function. For example, using the effector sTMEP, we demonstrated that the artificial TF dCas9-VP64 and TsgRNA used in the Tage system could be replaced by another artificial TF, transcription activator-like effector (TALE), that targeted the telomeric DNA (Fig. S23 ).
Materials and methods
Vector construction
The detailed information of vector construction was provided in supplementary methods. The linear vectors including TsgRNA, double-stranded blunt-ended TMEP (bTMEP), stick-ended TMEP (sTMEP), double-stranded blunt-ended TMCP (bTMCP), stick-ended TMCP (sTMCP), HOsite-sTMEP, HOsite-bTMEP, and HOsitesTMCP were constructed. The plasmid vectors including TMsps, T-TMEP, T-TMP, T-TMCP, TsgRNA-Cas9, TsgRNA-dCas9-VP64, T-HOsite-TMEP, T-HOsite-TMCP, C1-HO, pAAV-MCS, pAAV-TsgRNA-dCas9-VP64, pAAV-HOsite-TMCP, pAAV-HO, and TALE were constructed. The oligonucleotides used in vector construction and PCR amplification were shown in Tables S1-S6.
Cell culture and transfection RAW264.7, Hepa1-6, HEK-293T, HepG2, HeLa, PANC-1, MDA-MB-453, and BMSC cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) (HyClone). A549, HT-29, SKOV-3, MRC-5, and HL7702 cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 Medium (HyClone). All cell culture media were supplemented with 10% fetal bovine serum (FBS) (HyClone), 100 U/mL penicillin and 100 µg/mL streptomycin. All cell lines were obtained from the Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences and maintained in a humidified incubator set at 37°C and 5% CO 2 . Cells were seeded into 24-well plates at a density of 0.5 × 10 5 cells/well and cultivated overnight, then transfected with various vectors (see supplementary methods) using Lipofectamine 2000 (ThermoFisher Scientific) according to the manufacturer's instructions. After transfection, cells were further incubated for 24 h. All transfection experiments were performed in triplicates and repeated a minimum of three times.
Telomerase-synthesized telomeric DNA detection
The gDNA was extracted from cells at 24 h post transfection using the TIANamp Genomic DNA Kit (TIANGEN) according to the manufacturer's instructions. The gDNA was amplified with PCR using primers TS and CX. PCR detections were performed using 2× Premix Taq (TaKaRa) according to the manufacturer's instructions with 50 ng of gDNA as template. The PCR products were analyzed in 1.5% agarose gel electrophoresis.
Cell viability
Cells were transfected with 100 ng of various combinations of vectors including sTMCP, bTMCP, TsgRNA, and dCas9-VP64 in 96-well plates, using Lipofectamine 2000 according to the manufacturer's instructions. After incubation for 5 h, the medium of each well was replaced with 100 μL of fresh DMEM or RPMI 1640 medium containing 10% FBS. At 0 h, 24 h, 48 h, and 72 h post transfection, cells were then added with 10 μL of Cell Counting Kit-8 (CCK-8) (Biosharp) per well. After being cultivated for 4 h, the absorbance of each well was measured at 450 nm using BioTek plate reader (BioTek). Without transfection wells were regarded as blank wells, and the percentage of cell viability (%) was calculated by (A 450 of treated wells -A 450 of blank wells)/(A 450 of control-treated wells -A 450 of blank wells) × 100%. All experiments were carried out in triplicates and repeated a minimum of three times.
Relative telomere length detection
The gDNA was extracted from cells at 24 h post transfection using the TIANamp Genomic DNA Kit (TIANGEN) according to the manufacturer's instructions. The relative telomere length was measured by qPCR as previously reported [46] . The qPCR detection was performed using 2× SYBR Green Real-time PCR Master Mix (Roche) according to the manufacturer's instructions with 20 ng of gDNA as template. A melting curve was conducted to monitor the PCR amplification. The qPCR programs were run on a
StepOne Plus real-time PCR machine (Applied Biosystems). The Ct values of telomere (T) were normalized against that of single-copy internal gene β-globin (S). The relative telomere length was calculated as T/S ratio according to the equation: RQ = 2
ΔCt
. All experiments were carried out in triplicates and repeated a minimum of three times.
Virus packaging
HEK-293T cells were cotransfected with 4 μg of plasmid pAAV-RC (Stratagene), 4 μg of plasmid pHelper (Stratagene), and 4 μg of one of following plasmids, including pAAV-HOsite-TMCP, pAAV-TsgRNA-dCas9-VP64, pAAV-HO, and pAAV-MCS (Stratagene) in 75-cm 2 flask, by using Lipofectamine 2000 according to the manufacturer's instructions. After 72 h, cells were scraped off and subjected to three rounds of freeze-thaw-vortex cycles to release rAAV. Virus was purified with the PEG 8000 (Sigma) method and named as rAAV-HOsite-TMCP, rAAV-TsgRNA-dCas9-VP64, and rAAV-HO, rAAV-MCS, respectively.
Virus titration
The titer of rAAVs was analyzed by quantitative PCR (qPCR) using primers listed in Table S6 . The qPCR detection was performed using 2× SYBR Green Real-time PCR Master Mix (Roche) according to the manufacturer's instructions. All qPCR programs were run on the ABI StepOne Plus real-time PCR system (Applied Biosystems). Melting curve analysis revealed a single PCR product. A series of dilutions of known copies of DNA fragment were simultaneously detected to construct a standard curve. All experiments were carried out in triplicates and repeated a minimum of three times.
Virus test
Cells were transfected with viruses including rAAV-HOsite-TMCP, rAAV-TsgRNA-dCas9-VP64, rAAV-HO, and rAAV-MCS at the dose of 1×10 4 vg per cell in 24-well plates for 24 h. Cells were then stained with acridine orange (Solarbio) and photographed under a fluorescence microscope (Olympus) at a constant magnification of ×200. All experiments were carried out in triplicates and repeated a minimum of three times.
Animal treatment
Four-week-old female nude mice (BALB/c-Foxn1 nu ) (weighed 18−22 g) were purchased from the Model Animal Research Center of Nanjing (Nanjing, China). All animal experiments in this study followed the guidelines and ethics of the Animal Care and Use Committee of Southeast University (Nanjing, China). In the first animal experiment, the nude mice were subcutaneously transplanted with the mixture of 1 × 10 7 of Hepa1-6 cells mixed with 1 × 10 9 vg of rAAV-MCS or rAAV-TSD on both sides of abdomen. After 2 weeks, all mice were sacrificed and photographed. In the second animal experiment, the nude mice were subcutaneously transplanted with 1 × 10 7 of Hepa1-6 cells on both sides of abdomen to produce the tumor-bearing mice. After 1 week, the tumor-bearing mice were randomly assigned to each treatment group and intravenously injected with 1 × 10 9 vg of purified rAAV-TSD and rAAV-MCS, respectively. After 1 week, all mice were sacrificed and photographed. The tumor size of all mice was measured with a precision caliper. Tumor volume was calculated with the formula V = (Dd 2 )/2, in which D was the major tumor axis and d was the minor tumor axis. Investigators were not blinded in the animal experiments.
Virus DNA and gene expression detection
The gDNA was extracted from various tissues of mice in the second animal experiment using TIANamp Genomic DNA Kit (TIANGEN) according to the manufacturer's instructions. Total RNA was extracted from above tissues with Trizol® reagent (Invitrogen). The cDNA was reversely transcribed from total RNA using PrimeScript TM RT Master Mix (TaKaRa) according to the manufacturer's instructions. Then, AAV DNA abundance and Cas9 mRNA expression level were analyzed by qPCR using 2× SYBR Green Realtime PCR Master Mix (Roche) according to the manufacturer's instructions. All qPCR programs were run on the ABI StepOne Plus real-time PCR system (Applied Biosystems). Melting curve analysis revealed a single PCR product. The threshold value Ct for each individual PCR product was calculated by the Applied Biosystems StepOne software v2.3, and Ct values were normalized by subtracting the Ct values obtained for GAPDH. The primers used in qPCR were provided in Table S6 . The resulting ΔCt values were then used to calculate relative abundance of viral DNA or changes of Cas9 mRNA expression as relative quantity (RQ) according to the equation: RQ = 2 −ΔΔCt . All experiments were carried out in triplicates and repeated a minimum of three times.
Statistical analyses
Data were expressed as mean ± standard deviation (SD) of at least three independent biological or experimental replicates, and analyzed by a two-tailed unpaired Student's t test, using GraphPad Prism 5.0 Software. Differences at p < 0.05 were considered statistically significant.
